Purpose Although several prescriptions and techniques exist for comprehensive fixed appliance treatment, their treatment effects have not yet been adequately assessed in an evidence-based manner. The aim of this systematic review was to assess the therapeutic and adverse effects of various prescriptions or techniques for orthodontic appliances from randomized clinical trials on human patients. Methods Eight databases were searched up to July 2016 for randomized trials assessing any orthodontic prescriptions or techniques in human patients. After elimination of duplicate studies, data extraction, and risk of bias assessment according to the Cochrane guidelines, random effects meta-analyses with mean differences (MD) and their 95% confidence intervals (CIs) were performed. Results Compared to Roth preadjusted appliances, both Begg and modified Begg appliances were associated with statistically significantly worse occlusal outcome assessed with Peer Assessment Review (PAR) scores (1 trial, MD 3.1 points, 95% CI 1.9-4.3 points and 1 trial, MD 2.4 points, 95% CI 1.2-3.6 points, respectively) with low quality of evidence, due to bias and imprecision. Compared to a partially programmed fixed orthodontic appliance, a fully programmed appliance was associated with a statistically significant, but clinically irrelevant increase in treatment duration (1 trial, MD 2.4 months, 95% CI 0.6-4.2 months), supported by high quality of evidence. However, caution is needed in the interpretation of these results as only a limited number of small trials with methodological issues were available. Conclusions Based on existing trials, there is limited evidence to support any robust clinical recommendation regarding the prescriptions or techniques for fixed orthodontic appliances. Registration: PROSPERO (CRD42016042727 
Introduction
Fixed appliances have become an integral part of comprehensive orthodontic treatment, as a versatile tool for three-dimensional controlled tooth movement. Through the years, great developments in orthodontic appliances and their torque/tip prescription have been seen since the initial appliance designed by E.H. Angle and the introduction of the preadjusted (''straight wire'') edgewise appliance by Andrews [4] including the Roth prescription [35] , the MacLaughlin-Bennet-Trevisi (MBT) [18] , and several other bracket prescriptions or techniques like the Tweed-Merrifield, Begg lightwire, Tip-Edge, and bioefficient technique [2, 6, 8, 9, 15, 19, 33, 34, 41, 43] . Among these, the straight wire concept revolutionized orthodontic treatment with fixed appliances and was founded on the universality of tooth-type shapes and positions, when an exemplary occlusion is present. This enables the incorporation of information about the ideal position of each tooth in the three planes (''prescription'') into the brackets that, when rightly prescribed and placed on the tooth surface, enable the correction of malpositioned teeth and dental arches without any bends inserted in the wire.
Over the years, several studies have attempted to assess the treatment effects of existing prescriptions or techniques for fixed orthodontic appliances in terms of occlusal outcome, control of tooth movement, treatment duration, pain, and discomfort [13, 14, 20, 21, 42] . However, to date, the therapeutic and adverse effects of prescriptions or techniques used in comprehensive fixed appliance treatment have not been systematically appraised, according to standard procedures of evidencebased orthodontics [29] .
The aim of the present systematic review is to critically assess the available evidence from randomized clinical trials on humans investigating any prescription or technique used for fixed orthodontic appliances and, if possible, to pool evidence from existing trials together in a metaanalysis.
Materials and methods

Protocol and registration
The protocol for this systematic review was made a priori based on the PRISMA-P statement [37] , registered in PROSPERO (CRD42016042727), and all post hoc changes were appropriately noted. This systematic review is conducted and reported according to the Cochrane Handbook [12] and PRISMA statement [16] , respectively.
Eligibility criteria
According to the Participants-Intervention-ComparisonOutcome Study design (PICOS) schema, we included parallel randomized and quasi-randomized prospective controlled trials on human patients comparing any two prescriptions or techniques for fixed orthodontic appliances and assessing therapeutic effects (both effectiveness and efficacy) or adverse effects (Supplementary Appendix 1). Excluded were nonclinical studies, retrospective studies, animal studies, and studies with partial, self-ligating, or lingual appliances.
Information sources and literature search
A total of seven electronic databases (MEDLINE through PubMed, Cochrane Database of Systematic Reviews, Cochrane Database of Abstracts of Reviews of Effects, Cochrane Central Register of Controlled Trials, Virtual Health Library, Web of Knowledge, and Scopus) were searched systematically by two authors (SM, SNP) without any limitations for publication year, language, or status from inception up to 21 July 2016 (Supplementary Appendix 2). Two additional sources (Google Scholar and ISRCTN registry) were manually searched for additional trials or protocols by the same authors. Authors of included trials were contacted for additional missed or ongoing trials. The reference lists and citation lists of the included trials and relevant reviews were also manually searched.
Study selection and data extraction
Titles identified from the search were screened by one author (SM) with a subsequent duplicate independent checking of their abstracts/full texts against the eligibility criteria by a second author (SNP), while conflicts were resolved by a third author (TE). Characteristics of included trials and quantitative data were extracted in duplicate by two authors (SM, SNP) using predetermined and piloted extraction forms. Missing or unclear information was requested by the trials' authors.
Risk of bias in individual trials
The risk of bias of the included trials was assessed using Cochrane's risk of bias tool [12] after initial calibration. A main risk of bias assessment was included in the systematic review pertaining to each trial's primary outcome.
Data analysis
The mean difference (MD) and the relative risk (RR) with their corresponding 95% confidence intervals (CI) were chosen as effect measures for continuous and binary outcomes, respectively. As the outcome of fixed appliance treatment is bound to be affected by characteristics of the used brackets, archwires, and auxiliaries [26] [27] [28] , a random effects model according to DerSimonian and Laird [10] was deemed clinically and statistically appropriate for meta-analysis [24] . However, no meta-analyses of two or more studies, assessment of between trial heterogeneity, and additional analyses (subgroup or metaregression analyses, and sensitivity analyses) could be conducted due to the limited number of included studies, which are presented descriptively. All analyses were run using Stata SE 10.0 (StataCorp, College Station, TX, USA) by one author (SNP). A twotailed P value of 0.05 was considered significant for hypothesis testing.
Risk of bias across studies
The overall quality of evidence (confidence in effect estimates) for each of the main outcomes was rated using the GRADE approach [11] . For this assessment, the risk of bias of each included trial was re-assessed separately at outcome level.
The minimal clinical important, large, and very large effects were conventionally defined [22] as half, one, and two standard deviations, respectively. The standard deviation for an outcome was averaged from control groups of the existing trials. Conventional cut-offs of 1.5, 2.5, and 4.3 were adopted for the relative risk (RR). Finally, the optimal information size (i.e., required meta-analysis sample size) was calculated for each outcome independently for a = 5% and b = 20%.
Results
Study selection
A total of 580 papers from electronic and 7 papers from manual searches were identified ( Fig. 1 ; Supplementary Appendix 2). After removal of duplicates and initial screening, 54 papers were assessed for eligibility according to established inclusion criteria and finally 6 papers (5 published and one unpublished) remained for the final analysis ( Fig. 1 ; Supplementary Appendix 3) [3, 23, 31, 32, 38, 40] . In one instance, duplicate publications (one thesis and one journal paper) pertaining to the same trial were grouped together; thus, a total of 5 trials was finally included in the systematic review.
Study characteristics
The characteristics of the trials included are shown in Table 1 . All five included studies were parallel randomized clinical trials conducted in four different countries. They included a total of 370 patients (with at least 82 male and 103 female patients) with mean ages ranging between 12.3 and 15.3 years. A wide variety of interventions were used to treat different types of malocclusions depending on the eligibility criteria and protocols set in each trial. The Roth prescription was compared to either standard edgewise (one trial) [32] , Begg and modified Begg appliances (one trial) [38] , or to the MBT prescription (one trial) [40] . One unpublished trial [23] compared a standard edgewise appliance (Andrews prescription) group to a Tip-Edge appliance. Finally, one study [3] assigned patients to two groups, where maxillary distalization was performed with either three-dimensional bimetric arches (3D-BMDA) or a modified Begg system (MBIDS). After the start of the active treatment, patients were followed for periods ranging from 8 weeks [40] Table 1 ). The corresponding authors of included trials were contacted in several instances to request additional data. However, apart from one unpublished study [23] , where the corresponding author provided a draft of the unpublished paper, no additional data could be retrieved.
Risk of bias within studies
A summary of the risk of bias for all studies is shown in Fig. 2 . The detailed risk of bias assessment for the included trials can be found in Supplementary Appendix 4. High risk of bias was found in three trials (60%) for at least one bias domain. The most problematic domains were the blinding of outcome assessment (problematic in 60% of the trials), followed by incomplete outcome data (found in 20% of the trials).
Results of individual studies and data analysis
The retrieved results for all reported outcomes of all individual studies are quantitatively represented in Table 2 . Substantial differences in the implemented interventions, participants' characteristics, observational periods, and investigated outcomes among studies were observed, making them incompatible. Thus, no meta-analysis was attempted. The statistically significant (P \ 0.05) effects reported from the included studies can be summarized as follows. The Roth appliance was associated with a lower Peer Assessment Rating (PAR) score (better occlusal outcome), but also an increase in total chairside time compared to the Begg appliance. The Roth appliance was also associated with a lower PAR score (better occlusal outcome) compared to a modified Begg appliance. Significant short-term differences in the inclination of the upper and lower incisors and the upper canines were also found between Roth and MBT appliances. When a fully programmed fixed orthodontic appliance was compared to a partially programmed appliance, a statistically significant, but clinically irrelevant, increase in treatment duration by 2.4 months was reported. Finally, several cephalometric differences were found between the 3D-BMDA and the modified Begg distalization technique, but these were only minor and short-term.
Risk of bias across studies-GRADE assessment
The outcomes that were selected for assessment in the GRADE analysis were total treatment duration or chairtime, occlusal outcome (PAR score), upper incisor inclination, lower incisor inclination, and root resorption.
Roth vs. Begg and modified Begg fixed orthodontic appliances
Compared to the Roth appliance, use of the Begg appliance could probably decrease total chairtime, while the time saving with the use of a modified Begg appliance was statistically insignificant (moderate quality evidence for both). Additionally, based on low quality evidence use of either the Begg or the modified Begg appliance may slightly deteriorate the final occlusal outcome of treatment. Finally, no considerable differences in the inclination of the upper or lower incisors were found between Roth, Begg, and modified Begg appliances (low quality of evidence). The main reasons for downgrading the quality of existing evidence were risk of bias due to methodological inadequacies and imprecision due to the small sample of the included trial (Table 3) .
Fully vs. partially programmed fixed orthodontic appliances
Based on existing high-quality evidence coming from a single trial, the use of a fully programmed appliance slightly increases treatment duration (by about 2.4 months) compared to a partially programmed appliance, but seems to have little or no effect on occlusal outcome, incisor inclination, or the prevalence of root resorption after treatment (Table 4) .
Discussion
Summary of evidence
The present systematic review included five parallel, randomized clinical trials and a total of 370 patients. Interestingly, although most of the prescriptions/techniques in question have existed for several decades, there is a considerable lack of clinical evidence regarding both the therapeutic and adverse effects that could enable the formulation of robust clinical recommendations for their use. This is mainly due to the small number of trials with limited sample sizes that were identified, which implemented different protocols and assessed diverse outcomes, making overall data analysis difficult. Nevertheless, data analysis was considered feasible in the following two instances: in the comparison of comprehensive orthodontic treatment with a Roth versus treatment with a Begg or modified Begg appliance and in the comparison of a fully versus a partially programmed appliance where clinically important outcomes were reported. Use of a Begg appliance was associated with reduced chairside time compared to the use of a Roth appliance, which might imply more efficient treatment. On the other hand, the Begg appliance was associated with a worse occlusal outcome at the end of treatment as indicated by PAR, when compared to the Roth appliance. Therefore, no clear recommendations about treatment effectiveness with Roth or Begg appliances can be made. Additionally, these findings should be interpreted with caution, due to the observed moderate to high risk of bias and imprecision.
As for the outcomes obtained with the use of a fully programmed appliance (straight wire concept) compared to a partially programmed one (conventional full edgewise concept) [32] , limited high-quality evidence indicates that no considerable differences exist in occlusal outcome, final inclination of the upper or lower incisors, or prevalence of root resorption after treatment. The only statistically significant difference was a slight decrease in treatment duration with the partially programmed appliance (2.4 months), which is probably irrelevant to the clinician. Therefore, both appliance types could, theoretically, be equally effective in treating malocclusions and appliance choice still remains, mainly, with the personal preference of the clinician.
Beyond the aforementioned findings, a considerable number of retrospective studies concerning the clinical assessment of various prescriptions and techniques for fixed orthodontic appliances are also available in the literature [13, 14, 20, 21, 42] . In the study of Kattner and Schneider [14] , no differences in the ideal tooth relationship index were found when study models of patients treated with a Roth prescription preadjusted edgewise appliance were compared to those of patients treated with a standard edgewise appliance. In addition, Ugur and Yukay [42] found no differences in torque values between cases treated with standard edgewise and Roth prescription appliances by implementing an accurate method for the evaluation of faciolingual tooth inclination, as described by Andrews [4] .
Comparisons between various techniques have been also performed in previous retrospective clinical studies, which were excluded from the present review due to their high risk of bias. Jain et al. [13] retrospectively assessed the occlusal outcome with the Objective Grading System (OGS) of the American Board of Orthodontists (ABO) after treatment with a Roth or an MBT appliance. They reported that the use of the MBT appliance was associated with a significantly better occlusal outcome than the Roth appliance (MD -2.7 OGS points; 95% CI -1.0 to -4.3 OGS points; P \ 0.05). However, if we look at the baseline malocclusion severity of the two groups, we can see that the MBT group included patients with significantly ''easier'' malocclusions than the Roth group, as assessed with the ABO Discrepancy Index (DI; MD -3.8 points; 95% CI -0.4 to -7.2 points; P \ 0.05). This can be better illustrated if we divide the mean OGS score with the mean DI score in each group, which would result in 1.49 and 1.74 for the Roth and MBT appliance, respectively. This means that given similar conditions, the Roth appliance is more efficient than the MBT appliance (both the OGS and the DI are scored negatively, meaning that less is better). Bias by confounding, as can be seen in this example, is just one of the several inherent limitations of retrospective study designs [30] , which make them potentially inappropriate to base clinical recommendations upon. Additionally, Moesi et al. [21] found that bracket prescription had no effect on the subjective aesthetic outcome after treatment with either a Roth or MBT appliances. Furthermore, Mittal et al. [20] reported several tooth alignment outcomes after treatment with Roth or MBT appliances.
As far as straight wire versus standard edgewise appliances are concerned, Soltani et al. [39] reported that treatment with an MBT straight wire or a standard edgewise appliance resulted in similar occlusal outcomes (mean OGS of 20.0 and 20.4, respectively), but treatment with the MBT straight wire appliance was slightly shorter than with the standard edgewise appliance (24.0 and 26.0 months, respectively). In the study of Beg [5] , a Roth straight wire appliance was compared with a standard edgewise appliance in the treatment of Class I malocclusion. Reanalysis of the provided raw data with multivariable regression indicated that Roth appliances were associated with slightly greater effectiveness (PAR 1.49 points more) and slightly greater treatment duration (2.69 months more) compared to standard edgewise appliance, although both differences were not statistically significant (P values of 0.104 and 0.180, respectively).
Additionally, Wu et al. [44] reported that MBT appliances were better to control the mesial inclination of molars, the vertical movement, and torque of anterior teeth during treatment than standard edgewise appliances. Mavragani et al. [17] systematically compared straight wire and standard edgewise appliances, both in 0.018-inch slots, in extraction treatment and found that straight wire appliances were associated with statistically significant less root resorption of the incisors than standard edgewise appliances, which was attributed to more efficient force control with this technique. Finally, Akhoundi et al. [1] reported that significantly more patients treated with straight wire appliances demonstrated canine guidance on laterotrusion and mutually protected occlusion posttreatment compared to patients treated with standard edgewise appliances. However, these results should be interpreted with caution, since they originate from retrospective studies that are inherently associated with high risk of bias.
Strengths and limitations
This systematic review provides a succinct summary of existing evidence with its main strengths being its a priori registration in PROSPERO [7] , the extensive unrestricted literature search, the inclusion of unpublished data, the use of robust methodology pertaining to the qualitative and quantitative synthesis of data [25] , the exclusion of biased study designs [30] , transparent reporting of quantitative data for all outcomes from included studies, assessment of the quality of evidence with the GRADE approach [11] , and the clear reporting of any deviations from the review's protocol (Supplementary Appendix 8) . However, this systematic review also has some limitations, like the limited number of included trials, which precluded the assessments of heterogeneity, subgroup analyses, small-study effects, and reporting biases for most of the outcomes. Although this could not be formally assessed as only a limited number of studies were included, the risk of publication bias might be considered minimal due to the extensive literature search which was not limited to publications in scientific journals. Furthermore, despite our efforts, no response was obtained from most contacted authors, apart from one author who provided an unpublished study [23] .
Recommendations for clinical practice
There is insufficient evidence at present to make robust recommendations about any prescriptions or techniques for the fixed orthodontic appliance in terms of therapeutic or adverse effects. Existing evidence indicates that only minor differences can be directly attributed to the choice of prescription/technique, which are clinically irrelevant and our confidence in these estimates is very poor.
Recommendations for further research
Parallel randomized clinical trials or well-designed prospective trials with blinded outcome assessment are needed in order to form robust clinical recommendations. These should ideally be carried out according to the Consolidated Standards of Reporting Trials (CONSORT) statement [36] and adequately report on objective outcomes of treatment effectiveness and efficiency. These could include several therapeutic effects (like treatment duration, occlusal outcome with OGS, patient satisfaction/ quality of life, and relapse) or adverse effects (including root resorption, white spot lesions, gingival recessions, oral pain, oral discomfort, functional impairment, and cost of treatment) so that reliable conclusions can be reached.
Conclusions
The present systematic review suggests that there is currently insufficient data to support the evidence-based clinical use of any particular prescription or technique for fixed orthodontic appliances over another in terms of efficiency, effectiveness, or side effects.
